. Surface roughness of Zn with various coating masses deposited at 1 500 A/m 2 in the solutions containing Mo, W, or Sn (inorganic additives: 8ϫ10 Ϫ5 mol/L).
Introduction
Electrogalvanized steel sheets coated with transparent organic composite films, in the form of functional conversion-coated steel sheets, are used extensively for home electrical appliances because of their excellent resistance to corrosion and fingerprints. Because the lightness, 1) the gloss, 1) and the press formability 2,3) of electrogalvanized steel sheets change depending on the morphology of deposited Zn, control of the Zn morphology is essential in improving these properties. For this reason, many studies have been made on the effects of electrolysis conditions on the morphology of deposited Zn. These electrolysis conditions include the current density, [4] [5] [6] [7] temperature, flow rate, solution composition, 8, 9) and addition of inorganic 10, 11) and organic [12] [13] [14] [15] compounds to the bath. Among these factors, the addition of inorganic compounds is important in commercial production lines. Authors have previously investigated the effects of inorganic additives on the morphology and lightness of Zn deposited at a coating mass of 20 g/m 2 from solutions containing 4.8ϫ10 Ϫ6 to 4.1ϫ10 Ϫ2 mol/L of inorganic additives, and classified the inorganic additives into three groups according to the mechanism by which they affected the morphology and lightness of Zn. 1, 10) Additives of group I (Fe, Ni, Co, Al, Mg, and Mn) had no effect on the morphology or lightness of deposited Zn, because they barely codeposited with Zn and did not affect the overpotential for Zn deposition. Additives of group II (Cr, W, Mo, and Zr) increased the lightness of deposited Zn by increasing the orientation of zinc in the (0001) plane. Additives of group III (Cu, Pb, Cd, In, Sn, Ge, Sb, and Ag) caused significant changes in the morphology or lightness of Zn as a result of codeposition with Zn.
However, there are many ambiguities in the effects of a little amount additives of groups II and III on the morphology and crystal orientation of deposited Zn. In this study, Mo or W of group II or Sn of group III was added to the electrolyte in amounts of 8ϫ10 Ϫ10 to 8ϫ10 Ϫ3 mol/L to determine the effects of these additives on the morphology of Zn electrodesposits. The morphology and crystal orientation of Zn deposited on steel in the initial stages depend on the epitaxy of Zn/steel, 7, 16) so Zn was electrodeposited at large coating mass of 64 g/m 2 (thickness 9 mm) to eliminate the effect of the epitaxy of Zn/steel. In some experiments, the coating mass of deposited Zn was changed and the effects of inorganic additives on the lightness and surface roughness of Zn with various coating masses were investigated. The deposits were dissolved from the cathode with nitric acid. Each metal was quantitatively analyzed by inductively coupled plasma spectroscopy (ICP), and the content of inorganic additives in the deposits and the cathode current efficiency for Zn deposition were calculated. The morphology of the deposited Zn was examined by scanning electron microscope (SEM). The inclination of plate-like crystals of Zn was measured from atomic force microscope (AFM) images. The crystal orientation of deposited Zn was determined by the method of Willson and Rogers 17) using the Xray diffraction intensities from the (0002) to (1122) planes of zinc. The surface roughness of Zn was evaluated in terms of the centerline average roughness, Ra (JIS B 0601). The lightness of Zn was measured colorimetrically by using the 0-d method (JIS-Z-8722).
Results and Discussion

Morphology and Crystal Orientation of Deposited
Zinc Figure 1 shows the crystal orientation of Zn deposited from solutions containing various amounts of Mo (group II) as an additive. Zn deposited from Mo-free solution showed a preferential orientation of the (1012) and (1013) Ϫ3 mol/L, the deposited Zn showed a smooth surface. This smooth surface was ascribed to the preferred orientation of the (0001) basal plane of Zn, indicating that the morphology of the deposited Zn is related to the crystal orientation of Zn. The inclination of Zn platelet crystals was measured by AFM.
14,15) Figures 7(a) , 7(b), and 7(c) show the morphology, a schematic diagram of the morphology, and the twodimensional surface roughness profile of Zn deposited in the absence of inorganic additives, respectively. The surface roughness profile was measured along the line A-B shown in Fig. 7(a) . The inclination (q) of the Zn platelet crystals were determined from the surface roughness profile. The surface roughness profile was measured in six arbitrarily chosen areas. Figure 9 shows the contents of inorganic additives in deposits produced from the solutions containing various amounts of Mo, W, or Sn. The content of Mo and W in deposits was less than 0.005 mass%, showing that Mo and W do not undergo codeposition with Zn. Mo and W, which can be induced to codeposit with iron-group metals, 18) showed hardly any codeposition with Zn. This is attributed to the fact that both are inert metals, despite their having equilibrium potentials that are more noble than that of Zn. On the other hand, Sn evidently codeposited with Zn because Sn is a normal metal 19) and its equilibrium potential is more noble than that of Zn. Figure 10 shows the current efficiency for Zn deposition from solutions containing various amounts of Mo, W, or Sn. The current efficiency for Zn deposition was almost constant, regardless of the addition of Mo or W, whereas it decreased significantly in solutions containing Sn at concentrations above 10 Ϫ5 mol/L. Because the hydrogen overpotential on Sn is smaller than that on Zn, 19) Sn codeposited with Zn promoted the evolution of hydrogen, resulting in a decrease in the current efficiency for Zn deposition. Figure 11 shows the cathodic potentials during Zn deposition in solutions containing various amounts of Mo, W, or Sn. The shift of the cathode potential to the noble direction indicates a decrease in the overpotential for deposition. The cathodic potential in solutions containing Mo or W at concentrations less than 10 Ϫ3 mol/L, was almost identical with that in the additive-free solution, showing that Mo and W had no effects on the overpotential for Zn deposition. In Sncontaining solutions, the cathodic potential shifted to the noble direction with increasing Sn concentration in solution, indicating a decrease in the overpotential for deposition on addition of Sn. The current efficiency for Zn deposition decreased with increasing Sn concentration in solution, as shown in Fig. 10 . Consequently, the total polarization curve shifted to the noble direction as a result of an increase in hydrogen evolution, resulting in a decrease in the overpotential for deposition.
Effect of Small Amounts of Inorganic Additives on the Overpotential for Zinc Deposition
Pangarov calculated the relative values of the work for two-dimensional nucleation on various crystal planes. 20, 21) By assuming that the two-dimensional nuclei with the smallest nucleation work were formed at a given crystallization overpotential, he showed the dependence on the overpotential of the preferred orientation of various metals deposited from aqueous solutions. According to Pangarov, the preferred orientations of hcp Zn are shifted from (0001) to (1011), (1120), and (1010), in this order, as the overpotentials for Zn deposition increase. The increase in orientation of the (0001) plane of Zn with addition of Sn shown in Fig. 3 is ascribed to a decrease in the overpotential for deposition, which can be explained in terms of Pangarov's calculation. However, the orientation for the (0001) plane of Zn increased with addition of Mo and W, despite the fact that these did not change the overpotential for deposition: this cannot be explained by Pangarov's calculations. Pangarov also suggested that the work of two-dimensional nucleation on various crystal planes could change regardless of the overpotential when certain foreign additives were adsorbed on the cathode. 20, 21) Mo and W are supposed to adsorb on cathodes in the form of oxygen-containing anions such as MoO 4 2Ϫ and WO 4
2Ϫ
, respectively, which act as catalysts for hydrogen evolution. 22) In addition, it has been reported that MoO 4 2Ϫ in solution is electrochemically reduced to MoO 2Ϫn (OH) 2n (nϭ0-2) or tetrad lower Mo oxide.
23) The adsorption of MoO 4 2Ϫ , WO 4 2Ϫ , or tetrad lower oxides of Mo and W formed electrochemically on the cathode seems to have some effect in increasing the orientation of (0001) Zn. Figure 12 shows the lightness of Zn deposited at various coating masses from solutions each containing 8ϫ10 On the other hand, the effect of Mo, W, and Sn additives on the lightness of the deposited Zn decreased when the coating mass of Zn was increased above 40 g/m 2 , and the inorganic additives had no effect at a coating mass of 80 g/m 2 . The surface roughness was measured to determine why the effects of the Mo, W and Sn additives on the lightness of deposited Zn depend on the coating mass. Figure  13 shows the surface roughness of Zn deposited at various coating masses from solutions containing 8ϫ10
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Ϫ5 mol/L of Mo, W or Sn. The surface roughness of deposited Zn increased with increasing coating mass. In particular, the sur- face roughness of Zn increased significantly with increasing coating mass in Sn-containing solutions, and the surface roughness at 80 g/m 2 was about three times larger than that in the case of the additive-free solution. In Mo-or Wcontaining solutions, the surface roughness of Zn became about twice that in the case of the additive-free solution. The intensity of the diffuse reflection or the lightness of deposited Zn generally decreased as a result of an increase in multiple reflections with increased surface roughness. The reason why the effect of the addition of Mo, W or Sn on the lightness of the deposited Zn depends on the coating mass is that the lightness of the Zn depends on both its crystal orientation and its surface roughness. At a low coating mass of 20 g/m 2 , the inorganic additives have little effect on the surface roughness of the deposited Zn, but do have an effect on the crystal orientation, so the lightness of Zn is affected more by the crystal orientation. When the coating mass is increased, the inorganic additives have a greater effect on the surface roughness, and the effect of the crystal orientation on the lightness of Zn is then canceled by the effect of the surface roughness. That is, addition of Sn, Mo or W induce a preferred orientation of deposited Zn in the (0001) or (1013) plane, which should have the effect of increasing the lightness of the Zn, but because these inorganic additives increase the surface roughness of Zn at a coating mass of 80 g/m 2 , they have little effect on the lightness of Zn.
On the basis of electrochemical AFM observations performed in situ, it has been reported that the growth of deposited Zn proceeded through an advance of macro-steps of platelet crystals in the [2130] direction. 14, 15) The surface roughness of deposited Zn appears to be affected by the lateral growth of macro-steps of Zn platelet crystals. The individual columnar crystals of Zn deposited from Sn-containing solution shown in Fig. 6(d) seem to be the result of suppression by codeposited Sn of the lateral growth of Zn macro-steps. Although no Mo and W codeposited with Zn in solutions containing Mo or W, tetrad lower oxides of Mo and W electrochemically formed on cathode may also have some effects on the lateral growth of macro-steps of Zn platelet crystals.
Conclusion
The effect of small amounts of Mo, W and Sn additives on the morphology, crystal orientation and lightness of deposited Zn was investigated. No Mo and W codeposited with Zn, and both showed hardly any effect on the morphology of the deposited Zn. Mo and W increased the orientation of the (0001) plane of Zn irrespective of their not changing the overpotential for Zn deposition. Sn codeposited with Zn, and the platelet crystals of Zn did not form. Sn increased the crystal orientation of the (0001) and (1013) planes of Zn due to a decrease in the overpotential for Zn deposition. The lightness of the deposited Zn depended on its crystal orientation and surface roughness. At a coating mass of 20 g/m 2 , Sn, Mo and W enhanced the lightness of Zn due to an increase in orientation of (0001) and (1013) planes. However, with increased coating mass, the surface roughness became large by addition of Mo, W or Sn, as a result, the enhancement of lightness by an increase in (0001) and (1013) planes was canceled.
